Introduction
The Flaviviridae are a family of over 60 viruses, transmitted mainly by mosquito or tick vectors and causing many of the most important diseases of man and animals, including yellow fever, Japanese encephalitis, dengue, louping ill and tick-borne encephalitis (TBE).
These agents are enveloped viruses with a singlestranded positive-sense genome, a single core protein (C) and two envelope proteins (E and M) protruding through a lipid membrane. In addition they contain up to seven non-structural proteins, normally designated NS 1, NS2a, NS2b, NS3, NS4a, NS4b and NS5. Functions for all the structural proteins and some of the non-structural proteins have been assigned with varying degrees of certainty (reviewed in Chambers et al., 1990) . The most important exception is the major non-structural glycoprotein NS I. This protein has a polypeptide backbone with a Mr ranging from 46K to 51K (Stephenson et al., 1987; Smith & Wright, 1985; Gould et al., 1986) , but is extensively glycosylated, especially in its secreted form (Lee et al., 1989; Mason, 1989; Flamand et al., 1992) . Most of the intracellular forms of NS1 contain oligosaccharide side chains in the high mannose form, but at least one glycosylation site in the secreted form contains sugars added in the Golgi apparatus (Lee et al., 1989) .
Little is known about the details of the immune response to these viruses, but it does exhibit at least two intriguing features. As the prime target of the virus is the cells of the lymphoid system, non-neutralizing, but specific antibody can enhance viral replication in Fc receptor-bearing cells (Porterfield, 1986) . This phenomenon, known as antibody-dependent enhancement of infection (ADE) has been demonstrated in vitro for many flaviviruses (Halstead, 1981; Phillpotts et al., 1985) as well as other viruses such as influenza virus (Gotoffet al., 1994) . Although ADE has been implicated in many human diseases such as dengue haemorrhagic fever and dengue shock syndrome (Halstead, 1982) and AIDS, it has never been clearly proven to be causative. Infections in cats with the coronavirus, infectious peritonitis virus, can however be enhanced by the presence of antibody (Weiss & Scott, 1981) .
The second interesting feature of the immune response to these viruses is that it includes a humoral response to both the virion E protein and the non-structural protein, NS1 (Hambleton et al., 1983) . In addition, NS1 alone induces a protective immune response, involving both the humoral and cell-mediated arms of the immune system (Schlesinger et al., 1986 (Schlesinger et al., , 1990 Jacobs et al., 1994) . Also NS 1-specific antibodies can elicit a protective response (Gould et al., 1986; Schlesinger et al., 1985) . However protection is never complete even in genetically homogeneous animals.
Recent work in this laboratory (Jacobs et al., 1994) has shown that neither antibody nor the complementdependent pathway is necessary for protection by NS1, even though it was known originally as 'the soluble complement-fixing antigen' (Cardiff et al., 1970) and contains complement-fixing epitopes. It must be assumed therefore that the mechanism of protection is either through cytotoxic T cells or through antibody-mediated cell killing.
Although little is known about the structure and function of this protein, it has been shown to exist as a dimer in cells infected with every tick-borne or mosquitoborne flavivirus so far studied (Winkler et al., 1988; Jacobs et al., 1992; Flamand et al., 1992) , although preliminary data from this laboratory suggest that the extracellular form may be even larger (Crooks et al., 1990) . In addition, its primary structure is highly conserved (Jacobs et al., 1993; Venugopal et al., 1994) , especially the N and C termini, although the central region is relatively variable.
The studies reported here describe different chemical and physical properties of the intracellular and extracellular forms of NS1 protein, examine their antigenic structure and suggest that the potent immunogenic properties of this protein may be related to the formation of oligomeric structures after secretion from the infected cell.
Methods
Cells and viruses. The Neudorfl isolate of TBE virus was grown in PS cells infected with seed virus grown in suckling mouse brain as described previously (Stephenson et al., 1987) .
Column chromatography. Infected cell supernatants were clarifed, concentrated and analysed on Sephacryl $300 (Pharmacia) columns in PBS pH 8.0 as described previously (Crooks et al., 1990) . The columns were calibrated with high M r markers (Pharmacia) according to the manufacturer's instructions. Fractions containing NS1 protein were detected by spotting 20 pl samples onto blotting membranes and reacting with antibody T12 as described for Western blotting below.
Preparation of cell lysates and supernatants. Infected and mockinfected PS cells were incubated for various specified times and clarified cell lysates prepared as described previously (Lee et at., 1989) . Supernatants from the cell cultures were clarified by centrifuging three times for 5 min in a Micro-Centaur centrifuge (MSE Instruments) and virus particles were removed by centrifugation at 120000 g and 4 °C for 3 h. Radioactive preparations for immune precipitation were labelled with [3~S]methionine as described previously (Lee et aL, 1989) .
PAGE.
Analysis of all protein samples by PAGE was performed on either 10% or 15 % discontinuous SDS gels in the presence of urea and 2-mercatoethanol, except when otherwise specified (Stephenson et al., 1977) . Radioactively labelled species were detected by fluorography and the band intensities quantified on a Joyce-Loebl densitometer.
Dissociation by pH was performed in a series of buffers (McIlvaine, 1921) consisting of citrate-phosphate for pH 2 to pH 7, and glycineNaOH for pH 8 to pH 10.
Western blotting. PAGE gels for blotting analysis were run as described above except that the sample buffer contained 0.01% (w/v) SDS and urea was omitted.
Trans-Blot nitrocellulose (Bio-Rad) and Whatman filter papers were soaked in transfer buffer (0.048 M-Tri~HC1, 0.039 M-glycine, 0-01% w/v SDS, 20% v/v methanol) for 15min. Semi-dry blotting was performed on a Sartoblot 11-S apparatus (Sartorius) at a current of 0.8 mA/cm ~ for 2 h. The membrane was incubated overnight in a blocking solution (PBS with 0.3 % Tween 20, 10 % dried milk, 0-01% sodium azide) at ambient temperature with agitation. The membrane was probed with monoclonal antibody T12 (10 lag/ml) in blocking solution for 1 h at ambient temperature with rocking. Subsequently the membrane was washed three times for 5 min each with PBS containing 0-3 % Tween 20 and incubated at ambient temperature with horseradish peroxidase-conjugated sheep anti-mouse F(ab')2 fragments (Amersham) at a 1 : 500 dilution in blocking solution without azide.
The membrane was washed exhaustively in PBS with 0"3 % Tween 20 and the bands detected using the ECL system (Amersham) and exposure to ECL-Hyperfilm (Amersham) for 1 to 10 min.
Infection of cells with a recombinant adenovirus containing the NS1 gene and analysis of infected cell supernatants.
Monotayers of MRC-5 cells were infected overnight at 37 °C with a recombinant adenovirus (Rad51) carrying the NS1 gene from TBE virus (Jacobs et al., 1992) at an m.o.i, of 0.1 in MEM containing 10% (v/v) fetal calf serum. The cells were then incubated in fresh media containing forskolin (Sigma) for the appropriate times and media collected, clarified by centrifugation at 3000g and 4 °C for 5 min, and concentrated 10-fold in Centricon 30 filters (Amicon). Control cells were similarly infected with a recombinant adenovirus containing the fl-galactosidase gene (Rad35; Wilkinson & Akrigg, 1992) and control samples treated as described above. Some experiments were performed with protein-free medium (CXTOFERR-CHO; PAA Biologicals), with very similar results. Concentrated supernatants were mixed with 2 x concentrated sample buffer without reducing agents and immediately analysed by PAGE on 10% gels in the presence of SDS. Some samples were boiled before analysis, as described in the appropriate figure legends.
After electrophoresis, gels were analysed by Western blotting using the NSl-specific monoclonal antibody (T12), as described above.
ELISA. Viral ELISA antigens were produced in primary avian fibroblasts as described previously and monoclonal antibodies were derived and purified as described by Stephenson et al. (1984) . ELISA was performed and titres calculated as described previously (Warnes et al., 1994) .
Results

Thermal dissociation of NS1 dimers
Like its counterpart from mosquito-borne flaviviruses, the NS1 protein of TBE virus is present as a dimer in infected cells and can be dissociated by boiling (Jacobs et al., 1992; Fig. 1) . Thermal dissociation of the intracellular form of NS1 was observed after incubation at 45 °C (Fig. 1 a) whereas dissociation of the extracellular form was not observed until the temperature was raised to 60 °C (Fig. 1 b) . Dissociation of the intracellular NS1 was complete when the temperature was raised to 65 °C, but extracellular NS1 had to be heated to 70 °C for complete dissociation. The resistance of the extracellular form of NS1 to thermal denaturation is consistent with increased levels of glycosylation, which could result in greater numbers of weak ionic interactions being formed between the subunits.
Denaturation of NS1 by reduction of pH
The intracellular form of NS 1 was resistant to denaturation by high or low pH environments when incubated at ambient temperatures (Fig. 2a) , but if the temperature was raised to 55 °C (i.e. when about 25 % denaturation is observed) total dissociation to monomers was observed in both high and low pH environments (Fig. 2b) . Extracellular forms of NS1 were also resistant to denaturation by extremes of pH at ambient temperatures and exhibited a similar sensitivity to extremes of acidity and alkalinity when incubated at a temperature that causes about 25 % production of monomers (i.e. 65 °C; data not shown). In both experiments the level of dissociation was determined by scanning the autoradiogram on a densitometer and integrating the area under the relevant peaks.
Detection of oligomeric forms of NS1
Previous observations from the purification of extracellular antigens (Crooks et al., 1990) has suggested that NS1 may exist in forms with larger M r values than the monomers or dimers normally found in infected cells and their supernatants. Research on the structure of NS1 has so far depended on immune precipitation followed by PAGE or on analysis by Western blotting. Both techniques employ electrophoresis in SDS and thus any complexes held together with hydrophobic bonds would be destroyed.
To overcome these limitations we have performed PAGE analysis in the presence of very low amounts of SDS (0.01%) and blotted the proteins under nondenaturing conditions. Under these conditions a higher M r form of NS1 was detected in the supernatant of infected cells, but not within the cells themselves (Fig. 3) . Most of the extracellular NS1 however was in the dimer form, which suggests that even these mild conditions disrupted most of the higher subunit structure.
Oligomeric forms of NS1 synthesized by recombinant adeno viruses
The oligomers of NS1 described above could be complexes of NS1 and E, or other viral proteins of similar size. Such complexes would react with any reagent specific for NS1 and behave in a similar manner to higher Mr complexes of NS 1 itself. We have therefore attempted to detect these complexes in supernatants from cells infected with a defective, recombinant adenovirus that contains the gene coding for NS1 alone (Rad51). Fig. 4 shows the result o f such an analysis. Most o f the NS1 detected in these samples is in the dimer form (lane 2), which readily dissociated to m o n o m e r on boiling (lane 3). However a significant proportion of NS 1 was present in higher Mr forms whose migration is consistent with them being tetramers or even larger. Trimers were also seen in samples that had been boiled. It is interesting to note that trimers are only formed on boiling and a proportion o f the higher M r forms were refractory to boiling, even for periods as long as 10 min (data not shown). N o n e o f these species were detected in control cells infected with Rad35 (lane 1). The time course of the appearance of these species was studied (Fig, 5) . Analysis o f infected cells demonstrated that although a significant proportion o f N S I remains cell-associated (Fig. 5 a) , the majority accumulates in the media (Fig. 5 b) and none of the higher M r forms were found inside infected cells. N o significant delay in the secretion of NS1 was observed, although too little material was detected to distinguish between the first appearance o f the secreted forms o f the dimer and tetramer. The protein was prepared and purified from infected cell supernatants and analysed on Sephacryl $300 as described in Methods. Standard preparations of purified proteins (Pharmacia) were used as M r markers. The position of NS 1 protein was detected with the specific monoclonal antibody T12, as described in Methods.
Column chromatography
C o l u m n c h r o m a t o g r a p h y in the presence o f well characterized M r markers was used to determine the M r o f extracellular NS1. These studies indicated that extracellular NS1 occurs chiefly in high Mr complexes, with an average of 300K (Fig. 6 ) and suggest that the true form of the molecule is a pentamer or hexamer, although an accurate value is difficult to obtain due to the high levels o f glycosylation seen in this protein. Positive identification of these species as NS1 was now possible as the column fractions were monitored both for O.D. and by blotting with the NSl-specific monoclonal antibody, T12.
Similar chromatographic analyses on the extracellular form o f NS1 secreted from cells infected with the recombinant adenoviruses Rad51 also gave a Mr con- t Titres from analyses where the slope in the linear regression analysis was less than 0-1. :~ 17D yellow fever virus vaccine strain. § New Guinea C isolate. II Egypt 101 isolate. ¶ Nakayama original.
sistent with it being in the hexamer or pentamer form, but with a small amount of material of a M r consistent with a decameric and dodecameric structure also being detected. Again, positive identification of these species was possible by monitoring the column fractions with antibody T12.
Monoclonal antibody reactivity
Our previous analyses of NS1 amino acid sequences available from the EMBL database indicate that the structure of this protein is heavily conserved among the tick-borne flaviviruses, and to a lesser extent among those transmitted by mosquitoes (Jacobs et al., 1993) .
The quaternary structure reported here would also indicate extensive sequence similarity. It is of interest to determine whether or not the observed structural similarity was also manifested by antigenic conservation. To this end a panel of monoclonal antibodies, specific for NS1, was used to analyse antigenic diversity among NS1 proteins from a variety of flaviviruses (Table 1) . Four epitopes were heavily conserved among all the flaviviruses studied. Monoclonal antibody T15 bound to all viruses except the yellow fever virus vaccine strain 17D and dengue 2 virus, T16 bound to all except Japanese encephalitis virus and T33/1 bound to all except Rocio virus. The epitope recognized by S12 was found on all flaviviruses so far examined. No single antibody could detect a TBE virus complex-specific epitope, but T33/3 bound to all tick-borne viruses except Omsk haemorrhagic fever and Sophyin viruses and did not react with any mosquito-borne virus except Japanese encephalitis virus. No single epitope distinguished haemorrhagic viruses from those causing encephalitis and no single epitope distinguished pathogenic from non-pathogenic isolates.
Discussion
No function for the flavivirus NS1 protein has been determined, although several have been suggested by a number of workers including Gould et al. (1986) and Schlesinger et al. (1985) . Examples of such roles include chaperon for virion maturation, immune modulation, vector competence, a role in messenger capping and even as part of the replicase complex. Whatever its function, NS1 must be essential to virus growth as it is a major constituent of infected cells and their supernatants, its structure is conserved (Jacobs et al., 1993) and it is present in every flavivirus. Although its role is at present undetermined, the NS1 protein does play a part in the immune response to virus infection and can induce protective immunity in the absence of other viral proteins. The intriguing possibility has been raised therefore that a non-structural protein could be used as a vaccine (Gibson et al., 1988) . This unconventional role for a non-structural protein has special attractions in flavivirus vaccines as the possibility exists of ADE by vaccines containing virion envelope proteins. Although the complete structure of this protein is not known, work in several laboratories on a number of flaviviruses has shown that NS1 is synthesized in the cell, rapidly associates into a dimer (Winkler et al., 1988) and is subsequently secreted. The studies reported here show that in the extracellular form of the protein, dissociation of the dimers to monomers is more resistant to heat denaturation than in the intracellular form. This observation is consistent with the increased levels of glycosylation seen on secretion from the cell, as the additional ionic species associated with the sugar residues would help to stabilize the dimeric structure. Unlike some of the mosquito-borne viruses (Winkler et al., 1988) NS1 from TBE virus appears resistant to pH denaturation, except when partially denatured by heating.
The efficiency of NS 1 as an immunogen suggests that the extracellular form of the protein should exist in an oligomeric structure, of higher Mr than a dimer. Analysis of M r by gel filtration, reported here, shows that indeed most of the extracellular NS1 has an average M r of approximately 300000, consistent with a pentameric or hexameric subunit structure. However, accurate predictions of subunit structures for glycoproteins are difficult due to the varying size and shape of the carbohydrate side chains. In addition M r estimates by gel exclusion chromatography may have a further margin of error as recent electron microscopic studies of purified infectedcell supernatants have revealed ring-like structures (data not shown).
Inside the infected cell both monomers and dimers can be seen in significant quantities after 60 h. At this time however the cells are becoming detached from the substratum and are dying; thus the presence of monomers may merely reflect the first step in a general process of degradation.
Dimers were also detected in the cell supernatant, along with higher M r forms of NS 1. However, unlike the dimers, the higher M r forms were only detected in cell supernatants. These forms did not predominate and unlike in the analysis by gel exclusion chromatography, dimers were the major form of NS1 detected outside the cell. These results suggest that higher M r forms of NS1 are exquisitely sensitive to denaturation in detergent and most of them dissociate to the more stable dimer form, even in the very mild, low detergent levels used in these studies. Such sensitivity to detergent indicates that hydrophobic forces are important in forming these high Mr forms.
It is possible that NS1 oligomers are aggregates of NS1 and other viral proteins. To examine this possibility similar experiments were performed using a defective recombinant adenovirus carrying the TBE virus NS1 gene. Cells infected with this recombinant virus produced exclusively dimeric NS1 within the infected cells. No monomeric forms were seen, as were observed in TBE virus-infected cells, even after 7 days of infection. This lack of degradation in the adenovirus-infected cells was probably due to the fact that these viruses do not replicate (Wilkinson & Akrigg, t992) and thus cause little cell damage, the possible cause of monomer formation in TBE virus-infected cells. As was seen in TBE virus-infected cells, supernatant fluids from recombinant adenovirus-infected cells produced more than one product, mostly dimer, but also significant levels of another species with a migration consistent with it being in a tetrameric configuration. It was also noted that small numbers of partially dissociated trimers (M r of about 150 000) could be detected in these samples.
The highly immunogenic nature ofNS1, along with its known high degree of sequence conservation, suggests it could be a valuable component of vaccine preparations. Therefore the antigenic homogeneity of this protein was studied. Analysis of 11 tick-borne and five mosquitoborne viruses with a panel of 10 NS 1-specific monoclonal antibodies revealed four well-conserved epitopes and a considerable level of antigenic conservation among most of the other epitopes detected by this panel of antibodies. This result corresponds well with similar data from other studies (Stephenson et al., 1984; Pomelova et al., 1991) and confirms the general conclusions drawn from the comparative analysis of amino acid sequences.
In conclusion, the studies described here have shown that dimers of the NS1 protein from TBE virus can be dissociated by heat, but are refractory to dissociation by pH, with the extracellular form of this protein being more resistant to heat denaturation than the intracellular form. Extracellular NS1, but not intracellular NS1, is normally present in higher 34,. complexes. In addition, a considerable degree of antigenic homogeneity was observed between NS 1 proteins from several flaviviruses. Dr A. Timofeev was supported by a travelling fellowship from The Royal Society.
